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Abstract 
Arctic river basins are amongst the most vulnerable to climate change. However, there is currently 
limited knowledge of the hydrological processes that govern flow dynamics in Arctic river basins. We 
address this research gap using natural hydrochemical and isotopic tracers to identify water sources 
that contributed to runoff in river basins spanning a gradient of glacierization (0-61%) in Svalbard 
during summer 2010 and 2011. Spatially-distinct hydrological processes operating over diurnal, 
weekly and seasonal timescales were characterised by river hydrochemistry and isotopic composition. 
Two conceptual water sources (‗meltwater‘ and ‗groundwater‘) were identified and used as a basis for 
end-member mixing analyses to assess seasonal and year-to-year variability in water source dynamics. 
In glacier-fed rivers, meltwater dominated flows at all sites (typically >80%) with the highest 
contributions observed at the beginning of each study period in early July when snow cover was most 
extensive. Rivers in non-glacierized basins were sourced initially from snowmelt but became 
increasingly dependent on groundwater inputs (up to 100% of total flow volume) by late summer. 
These hydrological changes were attributed to the depletion of snowpacks and enhanced soil water 
storage capacity as the active layer expanded throughout each melt season. These findings provide 
insight into the processes that underpin water source dynamics in Arctic river systems and potential 
future changes in Arctic hydrology that might be expected under a changing climate. 
 
Introduction 
High sensitivity and strong coupling between atmospheric, cryospheric and hydrological processes 
make glacierized river basins amongst the most vulnerable to climate change (Hannah et al., 2007; 
Milner et al., 2009), particularly in the Arctic where mean air temperature is expected to rise by 5-7 
ºC by the end of the 21
st
 Century (Holland and Bitz, 2003; Kattsov et al., 2007). Future changes in 
river flows will alter fluxes of freshwater, sediment and nutrients with implications for biodiversity in 
aquatic and marine ecosystems (Prowse et al., 2006; Anisimov et al., 2007; Milner et al., 2009).  
Predicting future Arctic river flow regimes requires a comprehensive understanding of the 
hydrological processes governing river flow dynamics. The principal controls on meltwater 
generation and major runoff pathways of glacier-fed rivers in the proglacial areas of Arctic regions 
have been studied relatively widely (Hodgkins, 1997; Rutter et al., 2011). However, hydrological 
research in many Arctic glacierized basins has focussed typically on glacial processes (Hodgkins et 
al., 2009) and fewer studies have investigated the wider basin context where seasonal snowpacks and 
groundwater systems also contribute to bulk river discharge (Cooper et al., 2011). Additionally, the 
processes of flow generation can differ between glacial- and nival-dominated rivers (Marsh and Woo, 
1981; Kostrzewski et al., 1989; Fleming et al., 2006), indicating that non-glacierized river basins may 
be important indicators of future flow regime changes in regions where glacier recession is ongoing. 
Consequently, there remains a need for more detailed investigations of the key basin water sources 
that control flow dynamics in Arctic environments (e.g. Woo, 1983). Understanding how these vary 
temporally over seasonal and interannual timescales will advance our functional understanding of 
basin hydrological processes in Arctic regions and permit more robust predictions of hydrological 
responses to broad-scale environmental change in these river systems (Pohl et al., 2007). 
Solute loads in many Arctic rivers are derived principally from atmospheric deposition and rock-water 
interactions in subglacial and ice-marginal areas (Wadham et al., 2001; Hodson et al., 2002). Routing 
of snow and glacial meltwaters over or through recently exposed geochemically-active morainic 
material leads to river runoff characterised by high concentrations of Ca2
+
 and HCO3
-
 (Hodson et al., 
2002; Rutter et al., 2011). Concentrations of SO4
2-
 can also be elevated in meltwater from glaciers 
with distributed subglacial drainage structures (Wadham et al., 1998; Krawczyk and Bartoszewski, 
2008). In proglacial areas, increased water residence times in older sediments promote silicate 
weathering and increase the acquisition of solutes from crustal sources in active soil layers (Anderson 
et al., 2000; Dragon and Marciniak, 2010), thus imparting a hydrochemical signature on shallow 
groundwater discharge that contrasts with that of glacier and snowpack meltwater. Similarly, the 
isotopic composition of bulk runoff may also reflect variations in the geographical source of river 
flow (Theakstone, 2003; Liu et al., 2004) because high rates of evaporation in proglacial areas during 
summer months lead to the progressive enrichment of heavy-isotope content in active layer soil 
waters relative to that of precipitation and snowmelt (Cooper et al., 2002; Gibson, 2002).  
The hydrochemical and isotopic signatures of Arctic river waters may allow for the delineation of 
bulk hydrographs into individual source components (Laudon and Slaymaker, 1997) because 
spatiotemporal differences in hydrochemical and isotopic characteristics can reflect variations in the 
routing of water from different basin storage zones (Tranter et al., 1996; Malard et al., 1999). 
Previous studies have demonstrated the effectiveness of these approaches in lower-latitude 
mountainous environments (Sueker et al., 2000; Brown et al., 2006; Cable et al., 2011) but their 
application to Arctic river basins has been relatively under-utilised and limited largely to event-based 
studies (McNamara et al., 1997 but see Obradovic and Sklash, 1986). 
These research gaps were addressed by combining natural hydrochemical and isotopic tracer 
approaches to identify the major conceptual water stores that contribute to Arctic river basin runoff. 
The aim was to quantify variability in water sourcing in river basins spanning a range of glacierization 
(0-61 %) in Svalbard to yield new process-based understanding of basin-wide hydrological fluxes and 
dynamics. The specific objectives of the study were:   
1. to determine the major processes governing river hydrochemistry and isotopic composition; 
2. to assess the potential of hydrochemical and isotopic signatures to identify distinct conceptual 
water sources (e.g. snowmelt, ice melt, shallow groundwater, rainfall-runoff), and;  
3. to understand seasonal and year-to-year variability in water source contributions to river flow. 
The implications of the study‘s findings are considered in the context of future environmental change 
and used to infer potential hydrological changes that may occur under projected climatic changes and 
associated glacier shrinkage in Arctic regions. 
 
 
 
Study area  
The study was undertaken in rivers located near Ny Ålesund on the Brøgger peninsula (79º N, 12º E) 
in north-west Spitsbergen, the largest island of the Svalbard archipelago. The mean annual air 
temperature in Ny Ålesund is -6.3 ºC with the warmest mean temperature occurring in July (4.9 ºC; 
eKlima, 2012). Precipitation is approximately 400 mm yr
-1
 and falls mainly as snow that covers the 
ground for at least 230 d yr
-1
 (Cannone et al., 2004). Vegetation is sparse; trees are absent throughout 
the entire archipelago while slow-growing polar willow (Salix polaris) and mosses are found in low-
altitude regions (Muraoka et al., 2008; Nakatsubo et al., 2008). Field investigations were undertaken 
from 6 July to 31 August 2010 (day of year (DOY) 187-242) and from 4 July to 3 September 2011 
(DOY 185-246) in two primary study areas, the Bayelva basin and the Stuphallet cliffs area (Figure 
1). Field sampling was designed to investigate rivers sourced from a variety of basin water sources 
including glaciers, snowpacks and groundwater. 
 
Bayelva basin 
The 33.5 km² Bayelva basin contains two glaciers, Austre Brøggerbreen and Vestre Brøggerbreen, 
which cover 54% of the basin area and are surrounded by steep mountain ridges up to 700 m elevation 
(Hagen and Lefauconnier, 1995; ASTER GDEM, 2010). The glaciers are dominated by non-
temperate thermal structures and are believed to be predominantly cold-based (Hodgkins, 1997; 
Hodson et al., 2002; Barrand et al., 2010). Both glaciers have retreated significantly in recent years 
and the mass-balance of Austre Brøggerbreen has been negative almost consistently since monitoring 
began in 1967 (Haeberli et al., 2007; Barrand et al., 2010). Seasonally-active braided channels flow 
across moraine deposits in the upper basin before joining in the lower reaches to form the Bayelva 
River which discharges into Kongsfjorden after approximately 3 km. Several smaller rivers fed by 
non-glacial water sources flow across the proglacial area from snow-covered mountains surrounding 
the valley. The basin is underlain by sedimentary rocks, particularly carbonates, which include 
sandstones, limestones and shale (Hjelle, 1993). Despite Svalbard being situated within a zone of 
continuous permafrost up to 500 m deep (Hagen and Lefauconnier, 1995), a shallow groundwater 
system develops in the Bayelva basin each summer with active soil layers approximately 1 m in depth 
(Roth and Boike, 2001).  
 
Stuphallet cliffs 
The Stuphallet cliffs are situated approximately 8 km to the west of Ny Ålesund (Figure 1). The 
geology is dominated by Permian and Carboniferous sedimentary rocks (Hjelle, 1993). Several small 
first-order rivers, sourced primarily from snowmelt and hillslope groundwater, originate below the 
cliffs and flow across an area of poorly drained soils for 1-2 km before discharging into Kongsfjorden. 
Relatively abundant vegetation growth occurs below the cliffs where moss layers can reach 10 cm in 
thickness (Cooper, 1996; Høj et al., 2006).  
 
Sampling sites 
Seven study sites were established in the Bayelva basin and Stuphallet cliffs areas. Three sites in the 
Bayelva basin were selected to provide a range of glacial influence from which to evaluate water 
sourcing near the glacier snout (V1), along the river mainstem (V2), and at the Bayelva river mouth 
(BR). Additional sites in Stuphallet cliffs area (S3; 2010 only) and the wider Bayelva area (N1, N2, 
N3; 2011 only) were identified to compare between glacierized and non-glacierized systems (Figure 
1; Table 1). Non-glacierized sites were hypothesised to be representative of snowmelt and hillslope 
groundwater dominated river systems found in this region of Svalbard. Basin areas for each sampling 
site were delineated in a GIS using a 30 m horizontal resolution and 20 m vertical resolution DEM 
derived from the ASTER GDEM dataset. To address uncertainty in GIS analysis arising from error in 
the DEM, we verified results using georectified aerial imagery (1 m resolution) and field 
observations.  
 
Field methods 
Hydroclimatological sampling 
River stage and electrical conductivity (EC) at sites V1 and V2 and BR (EC in 2011 only) were 
sampled every 10 s using Druck PDCR 1840 pressure transducers and CS547A EC/temperature 
probes, respectively, and 15 min averages were stored on Campbell Scientific CR10X/CR800 
dataloggers. River stage was sampled every 15 min using an In-Situ Level TROLL 100 logger at sites 
N1 and S3, a TruTrack WT-HT logger at site N2, and a Druck PDCR 1840 pressure transducer with a 
Campbell Scientific CR10X datalogger at site N3. In 2010, access constraints prevented installation of 
the datalogger at site S3 until day 195. Stage data were converted to discharge using site-specific 
rating curves derived from salt dilution gauging (Hudson and Fraser, 2005). Errors in discharge were 
8–23 % and similar to those reported in other studies of Svalbard hydrology (Hodgkins, 2001; Hodson 
et al., 2002). Discharge at site BR was measured by a compound crump weir maintained by the 
Norwegian Water Resources and Energy Directorate (NVE). Discharge data were supplied at 1 h 
resolution and interpolated linearly to 15 min resolution. Air temperature data from a weather station 
in Ny Ålesund (approximately 1 km from the Bayelva basin) were obtained at 1 min resolution and 15 
min averages calculated. Daily precipitation totals for Ny Ålesund were obtained from the Norwegian 
Meteorological Institute. 
 
Hydrochemical sampling and analysis 
River water was sampled weekly by hand at each site at midday (1100 – 1400 h) to minimise sub-
daily patterns influencing longer-term trends in hydrochemical and isotopic variability (Brown, 2002; 
Hodson  et al., 2002; Cable et al., 2011). Logistical constraints made it impractical to sample both 
high and low flows. Water samples from groundwater seeps emerging from hillslopes were collected 
in the Bayelva and Stuphallet cliffs areas approximately every two weeks throughout the study 
periods. All water samples for hydrochemical analysis were filtered immediately through Whatman 
0.45 µm cellulose nitrate membranes into 125 ml HDPE bottles. Snow samples were collected from 
around the Bayelva area in sterile bags following removal of the upper layer of the snowpack (Brown 
et al., 2006). There was a positive bias in snow sampling towards the beginning of each field period as 
the majority of the seasonal snowpack melted by late July. Ice samples were acquired from the lower 
sections of Austre Brøggerbreen and Vestre Brøggerbreen glaciers in a similar fashion using a clean 
ice axe to remove the top 5 cm of ice. Safety considerations prevented ice sampling nearer the glacier 
accumulation zones. Basal ice was not sampled because previous studies have indicated minimal 
contact between meltwaters and glacier beds in the Bayelva basin (Hodson et al., 2002). Ice lenses 
can occur on the Brøgger peninsula (Hagen et al., 2003), but field observations indicated these were 
absent from the Brøggerbreen glaciers during the 2010 and 2011 melt seasons. Snow and ice samples 
were allowed to melt in bags and then processed using the same method as for river water samples. 
Water samples for hydrochemical analysis were frozen within 8 h of collection and transported to the 
University of Birmingham, UK, for analysis.  
Major ion concentrations were determined using a Dionex ICS-2000 ion chromatograph and a Dionex 
ICS-500 fitted with an IonPac CS12 cation exchange column. Concentrations of HCO3
-
 were 
estimated from charge balance deficits (Hodson et al., 2000). Dissolved Si concentrations were 
determined by the molybdosilic acid method (ASTM, 2011) using a Helios Gamma 
spectrophotometer (Thermo Fisher Scientific). Analytical precision was <5% for all hydrochemical 
determinands, except NO3
-
 where precision errors up to 20% were recorded because of very low 
concentrations. Crustal solute concentrations (hereafter denoted by prefix ‗*‘) were derived by using 
standard seawater ratios to Cl
-
 to remove the marine-derived fraction of major ions from the dataset 
(Holland, 1978; Sharp, 1995). Silicate and dolomite weathering rates were examined using *K:Si  and 
*Ca2
+
:*Mg
+
 ratios, respectively (Hodson et al., 2000; Wadham et al., 2001). The relative rate of 
carbonate dissolution versus silicate weathering were assessed using [*Na
+
 + *K
+
]:[*Ca2
+
 + *Mg2
+
] 
ratios (Brown et al., 2006). 
 
 
Isotopic sampling and analysis 
Unfiltered samples of river water, snow, ice and groundwater were collected in 2 ml glass vials for 
stable isotope analysis in conjunction with hydrochemical sampling. In addition, rainfall samples were 
collected approximately weekly from site BR using 30 ml glass bottles with a layer of paraffin oil to 
prevent evaporation prior to storage in glass vials. More frequent samples were acquired during heavy 
rainfall events. However, sufficient volumes of rain water required for hydrochemical analysis were 
not achieved due to the very low amounts of precipitation in Svalbard during each summer melt 
season (eKlima, 2012). 
Hydrogen and oxygen stable isotope analyses were conducted using a GV Instruments Isoprime 
isotope ratio mass spectrometer connected to a Eurovector Environmental Analyser with an analytical 
precision of <0.9 ‰ for both δ2H and δ18O. Stable isotope values are expressed using the δ convention 
in per mil (‰) units relative to Vienna Standard Mean Ocean Water (V-SMOW) as: 
δ2Hsample (‰) = (
2
H / 
1
Hsample) / (
2
H / 
1
Hstandard) – 1 
and 
δ18Osample (‰) = (
18
O / 
16
Osample) / (
18
O / 
16
Ostandard) – 1 
 
Hydrograph separation 
Seasonal and year-to-year patterns in water source dynamics at each site were quantified to assess 
controls on basin-scale hydrological functioning. Hydrochemical and isotopic data were screened to 
identify the key conceptual water stores which contributed to bulk river flows. These were used 
subsequently in end-member mixing analyses to separate river hydrographs into individual source 
components (Christopherson and Hooper, 1992). This method has been used successfully in lower-
latitude rivers (McNamara et al., 1997; Liu et al., 2004; Brown et al., 2006; Dzikowski and Jobard, 
2012) but has not previously been applied to glacierized basins in Arctic regions. A steady state form 
of mass balance equations were used to separate river discharge into two flow components on the 
basis of end-member concentrations (Caine, 1989; Sueker et al., 2000): 
𝑄𝑠 =  𝑄𝑚 +  𝑄𝑔   
𝐶𝑠𝑄𝑠 =  𝐶𝑚𝑄𝑚 +  𝐶𝑔𝑄𝑔   
where Q is discharge, C is solute or isotopic concentration, and the subscripts s, m and g refer to the 
river, first end-member and second end-member components, respectively. 
The uncertainty related to each flow component was quantified using the method outlined by 
Genereux (1998) to provide confidence limits for each mixing fraction: 
𝑊𝑓𝑚 =    
𝐶𝑔− 𝐶𝑠
(𝐶𝑔− 𝐶𝑚 )2
𝑊𝐶𝑚  
2
+  
𝐶𝑠− 𝐶𝑚
(𝐶𝑔− 𝐶𝑚 )2
𝑊𝐶𝑔 
2
+   
−1
𝐶𝑔− 𝐶𝑚
𝑊𝐶𝑠 
2
   
where W is the uncertainty and f is the mixing fraction. For end-members, the standard deviation of 
mean solute concentrations were multiplied by appropriate t values to give uncertainty estimates at a 
95% confidence level. Separate mixing calculations were conducted for each river sample (i.e. no 
replicates). Therefore, uncertainty for each river component was taken as the analytical precision 
(Genereux, 1998). 
 
 Results 
Seasonal hydroclimatological data are presented to contextualise conditions over the 2010 and 2011 
summer melt seasons. Hydrochemical and isotopic characteristics of conceptual water sources and 
river discharge were utilised to characterise end-member composition for hydrograph separation. 
Results from mixing analyses were used to show seasonal and year-to-year variability in basin-wide 
water source dynamics. 
 
Seasonal hydroclimatological context 
The 2010 melt season was characterised by cool and dry hydroclimatological conditions (Figure 2a). 
Air temperature ranged from -1.5 ºC to 10.9 ºC with the warmest period in early July (Table 2). 
Precipitation inputs were very low, totalling 17 mm over the study period. Snow cover in the 
proglacial area of the Bayelva basin was limited to isolated patches at low altitudes in early summer, 
which retreated rapidly so that ice on the Austre Brøggerbreen and Vestre Brøggerbreen glaciers was 
exposed by day 195 (14 July) at ~100 m a.s.l.. In 2011, mean air temperature during the melt season 
was 1.2 ºC higher than 2010 (Figure 2b; Table 2). Precipitation was markedly higher (totalling 89 
mm) than 2010, particularly in early September when total daily precipitation exceeded 16 mm on 
both DOY 244 and 245.  
River discharge at glacier-fed sites in the Bayelva basin increased longitudinally downstream with 
seasonal means in 2010 of 0.89 m³ s
-1
, 1.41 m³ s
-1
, and 2.69 m³ s
-1
 at sites V1, V2 and BR, 
respectively. In 2011, mean flows at these three sites were 1.10 m³ s
-1
, 2.12 m³ s
-1
 and 4.19 m³ s
-1
, 
representing increases of 24 %, 51 % and 56 %, respectively (Table 2; Figure 3). Discharge at all 
glacier-fed sites exhibited strong diurnal variations, which were related closely to changes in 
atmospheric energy exchange. In addition, seasonal trends in discharge mirrored those for air 
temperature dynamics with colder periods towards the end of the melt season corresponding to 
reduced flow volumes. Discharge at glacier-fed sites displayed a negligible response to precipitation 
inputs, with the exception of one rainfall event at the end of the 2011 melt season (DOY 244-245) that 
resulted in increased flow at all sites (Figure 2; Figure 3). EC at glacier-fed sites exhibited clear 
diurnal cycles that were inversely related to discharge (2010: r=-0.76 to -0.84, p<0.001; 2011: r=-0.14 
to -0.50, p<0.001; Figure 3). EC increased typically by around 20 μS cm-1 between sites V1 and V2 in 
both years, whereas at site BR EC was similar to site V1. In both years, increased EC at all sites in 
mid-August was associated with periods of cold air temperature and low discharge at glacier-fed sites. 
For the Stuphallet cliffs area in 2010, mean seasonal discharge at S3 (0.02 m³ s
-1
) was 1-2 orders of 
magnitude lower than at glacier-fed sites in the Bayelva basin, and diurnal-scale patterns were less 
apparent. In 2011, discharge at non-glacial sites in the Bayelva area (N1, N2 and N3) was also 1-2 
orders of magnitude lower than at glacier-fed sites. Discharge at non-glacierized sites generally 
displayed low diurnal variability with the exception of site N3 in early July 2011 which exhibited a 
flow regime similar to glacier-fed sites (Figure 3).  At site S3 in 2010 discharge was highest at the 
beginning of the study period and declined steadily as the melt season progrssed. Similar reductions in 
discharge were observed in 2011 at sites N1, N2 and N3, although gradual seasonal declines in flow 
were punctuated by episodic rainfall events (Figure 3). In contrast to glacier-fed sites, non-glacierized 
river flow showed greater sensitivity to precipitation inputs than to changes in air temperature 
(Figures 2 and 3). Mean specific discharge from non-glacierized basins (1.5 – 5.0 mm day-1) was 
lower and exhibited less variability than at glacier-fed sites (6.9-46.4 mm day
-1
; Table 2). 
 
Hydrochemical dynamics of conceptual water sources and river flows 
Most water samples were typically enriched in Ca
2+
 with respect to other cations, although snow and 
ice samples also contained relatively high concentrations of Na
+
 (Table 3). The dominant anion in all 
water samples was HCO3
-
. Concentrations of solutes in snow and ice samples were low relative to 
other water samples, apart from NH4
+
 where the highest concentrations of all samples were found in 
snow acquired during 2010. Soil waters were enriched in most ions relative to other sample types. 
Similarly, Si was negligible in snow and ice samples (<0.1 mg l
-1
) but elevated in soil waters, 
particularly in the Bayelva basin where mean concentrations reached almost 2 mg l
-1
 in 2010 (Table 
3).  
Solute loads at site V1 near the glacier snout were low relative to other sites and characterised by a 
dominant Ca2
+
/HCO3
-
 chemistry. Solute concentrations increased downstream in the Bayelva basin 
for most determinands. Seasonal declines in Cl
-
 concentration were observed at most sites in both 
years, although increases were observed in late summer at sites S3 and N2 (Figure 4). Mean solute 
concentrations at non-glacierized sites (S3, N1, N2, N3) were higher than at glacier-fed sites in the 
Bayelva basin (V1, V2, BR) and ratios of *K:Si were generally lower and less variable (Figure 5a). 
Ratios of [*Na
+
 + *K
+
]:[*Ca2
+
 + *Mg2
+
] were low (0.03-0.28) but increased longitudinally away from 
the glacier and also in non-glacierized basins (Figure 5b). Ratios of *Ca2
+
:*Mg2
+
 were lower at non-
glacierized sites in the Bayelva basin, although this pattern did not hold for the non-glacierized site S3 
in the Stuphallet cliffs area (Figure 5c). 
 
Isotopic dynamics of conceptual water sources and river flows 
The isotopic composition of all water samples ranged from -21.42 and -159.06 for δ18O and δ2H, 
respectively, to -3.47 and -28.70 for δ18O and δ2H, respectively (Table 3). Snow contained the 
isotopically lightest samples and rain samples were on average most enriched in δ18O and δ2H, 
although both water types showed high variability in both years. Groundwater seep water samples 
were slightly enriched in δ2H and δ18O relative to other samples. Variability in the isotopic 
composition of glacier ice was low and mean values were generally marginally lower than those of 
river water samples. Samples from glacier-fed sites were typically less enriched in δ2H and δ18O and 
exhibited more seasonal variability than in non-glacierized basins (Figure 6). Trends in δ2H 
enrichment at site V1 in the Bayelva basin were very similar to sites V2 and BR downstream. 
Temporal patterns indicated a small increase in δ2H enrichment during the first half of each study 
period at all sites, followed by a clear decline in late summer for glacier-fed sites only. The late-
season decline was much less pronounced at non glacier-fed sites. In 2011, substantial decreases in 
river δ2H occurred around DOY 227 and 246 which coincided with high precipitation (Figure 2). 
These decreases were especially marked at glacier-fed sites. 
 
End-member characterisation 
Screening of hydrochemical and isotopic data showed many constituents were non-conservative, thus 
unsuitable for use in end-member mixing analysis (Christophersen and Hooper, 1992; Hinton et al., 
1994). However, there were clear differences in Si concentration between dilute snow and ice samples 
and more enriched groundwater seep samples. These end-members bounded river water samples 
(Figure 7) and made Si a practical tracer of groundwater contributions to bulk river flow (Anderson et 
al., 2000).  
A two-component end-member mixing model was used to separate seasonal hydrographs into 
individual source components: (i) meltwater, derived from snow and glacial ice ablation (low Si), and 
(ii) hillslope groundwater, transmitted to the river channel via subsurface flow through the active soil 
layer (high Si). Although these components could be viewed as ‗pathways‘ their contrasting chemical 
signatures enable them to be observed as conceptual water sources (Brown et al., 2006), thus 
justifying their use with end-member mixing analysis. The meltwater end-member for sites in the 
glacierized Bayelva basin (V1, V2, BR) was defined by the mean Si concentration of snow and ice 
samples for each year, and for non-glacierized sites (N1, N2, N3) by the mean Si concentration of 
snow samples. As access constraints prevented collection of snow samples in 2010 from the 
Stuphallet cliffs area, the quickflow end-member for S3 was defined by the mean Si concentration of 
snow samples from the Bayelva River basin. This was considered appropriate because both spatial 
variability and concentration of snowpack Si is minimal in precipitation and river load is derived 
almost entirely from mineral weathering (Campbell et al., 1995). Exploratory analysis revealed no 
significant patterns or differences in snow or groundwater Si concentration throughout each melt 
season. Consequently, groundwater components at BR, S3, N1, N2 and N3 were calculated using the 
mean Si concentrations of groundwater samples collected in the basin area of each respective 
sampling site. Steep valley walls and large glacier icepacks limited the number of groundwater 
samples acquired upstream of sites V1 and V2, and therefore these sites were assigned the same 
groundwater component as site BR. Estimated mean uncertainty in the contribution of each 
component at a 95% confidence level ranged from ±0.08 at site V1 in 2010 to ±0.76 at site N3 in 
2011 (Table 4). The groundwater component accounted for more than three-quarters of the total 
uncertainty at each site and was highest at site N2 (99.7 %). The proportion of uncertainty attributable 
to analytical error in the analysis of river water samples was negligible for all sites (<1%). 
 
Seasonal and year-to-year variability in water source dynamics 
During the 2010 melt season, glacial and snow meltwater dominated flows at glacier-fed sites in the 
Bayelva basin and accounted for almost 90% of mean river discharge (Table 5). The meltwater 
component was highest (89.7 ± 6.1%) by the snout of the Vestre Brøggerbreen glacier (V1). Both 
meltwater and groundwater components increased longitudinally downstream, although relative 
differences in meltwater and groundwater contributions between glacier-fed sites were small (<2%). 
On a seasonal basis, absolute groundwater contributions at sites in the Bayelva basin in 2010 were 
greatest in early July, although relative contributions increased towards the end of the study period as 
total river discharge declined (Figure 8). Bulk discharge at S3 was comprised principally of snowmelt 
(>80%) in mid July but contributions from this source decreased rapidly towards the end of the month 
and continued to decline throughout the study period so that groundwater contributions became the 
dominant (>75 %) component of river flow by day 222 (Figure 8).  
In 2011, the mean contribution of groundwater to total river flow at glacier-fed sites (21 %) increased 
by approximately 10% compared to 2010. However, meltwater remained the dominant flow 
component throughout the study period at V1, V2 and BR with little longitudinal or seasonal changes 
in groundwater contributions (Table 5; Figure 8). At sites in non-glacierized basins (N1, N2, N3), 
seasonal declines in the meltwater component and progressive increase in groundwater contribution to 
total river flow were similar to that observed at S3 during 2010. The dominance of soil water 
contributions to river discharge were such that this fraction comprised up to 100% of total flow at N2 
and N3 during August 2011. In contrast to 2010, the meltwater flow component increased slightly at 
most sites at the end of the 2011 study period (day 246). In both years, seasonal variability in water 
source contributions was higher at sites in non-glacierized basins (SD: 18.4-25.6 %) compared to 
glacier-fed sites (4.1-10.9 %). 
 
 
 
Discussion 
New insights into the basin-scale hydrological processes which govern flow regimes in Arctic river 
systems have been provided by characterising variability in water sourcing to rivers in Svalbard 
during the 2010 and 2011 meltwater seasons. Hydrochemical and isotopic signatures reflected clear 
spatiotemporal differences in chemical weathering processes, solute provenance and hydrological 
functioning. The identification of conceptual water stores enabled the generation of quantitative 
estimates of seasonal and year-to-year dynamics in water source contributions to flow in Arctic rivers. 
 
Processes controlling basin-scale hydrochemical and isotopic composition 
Spatiotemporal variations in hydrochemical and isotopic characteristics were defined clearly and 
reflected the different hydrological processes occurring in spatially-distinct basin areas over each 
meltwater season. Several key factors governed river hydrochemical and isotopic signatures during 
2010 and 2011. Diurnal cycles in glacier ice and snowpack ablation, driven by atmospheric energy 
receipt, led to the sub-daily dilution of solute loads in the Bayelva river basin as observed previously 
by Hodson et al. (1998). These cycles were evident in the clear inverse relationship between discharge 
and electrical conductivity at all glacier-fed sites, suggesting that hydrological processes in upper 
glacierized basin areas exerted a strong influence on river hydrochemistry in the proglacial zone 
(Brown et al., 2006; Dzikowski and Jobard, 2012).  
Rapid weathering of exposed glacial moraines in ice-marginal areas led to elevated concentrations of 
Ca2
+
 and HCO3
-
 at site V1 adjacent to the Vestre Brøggerbreen glacier, most likely as a consequence 
of dilute meltwaters which are especially chemically reactive (Hodgkins et al., 1998). Interestingly, 
concentrations of SO4
2-
 at V1 were low relative to HCO3
-
, implying that sulphide oxidation in 
distributed flow systems below the glacier is minimal (Lamb et al., 1995; Tranter et al., 1996; Tranter 
et al., 2002). Previous studies have suggested that Vestre Brøggerbreen has a non-temperate thermal 
structure (Hodson et al., 2002) but these findings represent the first comprehensive empirical evidence 
to support this conclusion. Weathering processes at V1 were dominated by carbonate dissolution as 
indicated by high *Ca
2+
:*Mg
2+
 ratios, thus reflecting the geology of the upper Bayelva basin (Hjelle, 
1993). Similar ratios at other glacier-fed sites demonstrated that ion exchange in meltwaters was 
limited during downstream transport (cf. Wadham et al., 1998), and silicate dissolution was low 
relative to carbonate weathering as indicated by low ratios of [*Na
+
 + *K
+
]:[*Ca
2+
 + *Mg
2+
] (cf. 
Brown et al., 2006). However, lower *Ca
2+
:*Mg
2+
 ratios at non-glacierized sites in the Bayelva basin 
signified increased dolomite weathering in the proglacial area (Malard et al., 1999; Wadham et al., 
2001). 
Seasonal depletion of snowpacks across the Brøgger peninsula resulted in progressive declines in Cl
-
 
concentrations at the majority of river sites during both years. For glacier-fed sites, these 
hydrochemical changes largely reflected the increased dominance of icemelt over snowmelt in the 
latter half of each study period and are similar to the results of previous studies in Svalbard (Hodson 
et al., 1998; Wadham et al., 1998; Rutter et al., 2011). Seasonal declines in discharge in non-
glacierized rivers accompanied Cl
-
 reductions at most sites, demonstrating the importance of 
snowpacks for runoff generation in the absence of glacial ice-melt. However, Cl
-
 increases at S3 and 
N2 in late-August were most likely due to a concentration effect from high evaporation since there are 
no documented crustal (halite) sources of Cl
-
 in these basins (Hjelle, 1993; Harland, 1997).  
Reduced *Ca2
+
:*Mg2
+
 ratios at most river sites in non-glacierized river basins (except S3) reflected 
increased dolomite weathering in lower basin areas and demonstrated the importance of geochemical 
processes in the active layer for enhancing solute fluxes from these Arctic river basins (cf. Wadham et 
al., 2001; Cooper et al., 2002; Fortner et al., 2005). Similarly, longitudinal increases in EC between 
V1 and V2 indicated a possible solute source between these sites (Hodson et al., 1998). The decline in 
EC further downstream was most likely due to mixing of ionically-dilute meltwaters from Austre 
Brøggerbreen with more enriched waters from Vestre Brøggerbreen between V2 and BR, as 
previously inferred by water temperature dynamics (Blaen et al., in press). While silicate dissolution 
was low relative to carbonate weathering, ratios of [*Na
+
 + *K
+
]:[*Ca
2+
 + *Mg
2+
] increased in non-
glacial river basins. High and variable *K:Si ratios in glacier-fed streams indicated that silicate 
weathering was largely nonstoichiometric in these systems, as suggested previously by Hodson et al. 
(2000), but increased in importance in most non-glacierized river basins. This finding was a 
consequence probably of increased rock-water contact and longer residence times in proglacial 
sediments (Anderson et al., 2000) which, combined with higher water temperature associated with 
these systems, is known to promote silicate weathering (Anderson, 2005; Blaen et al., in press). 
Therefore, Si was deemed to be a useful tracer of groundwater flow in rivers for this region of 
Svalbard. 
Relatively enriched δ2H signals at sites in non-glacierized river basins signified high rates of 
evaporation in the proglacial zone (Cooper et al., 2011; Gooseff et al., 2006). The mean evaporation 
rate for ice-free areas in Svalbard is around 80 mm a
-1
 (Killingtveit et al., 2003). Potential evaporation 
in summer is driven largely by high incoming solar radiation during the polar day, and evaporative 
water losses are believed to represent the greatest output from the proglacial hydrological system 
(Cooper et al., 2002). In our study, river water samples, particularly those from non-glacierized river 
basins, were most enriched with δ2H during mid July during periods of warm air temperature with no 
precipitation. Such trends are indicative of high evaporation which drives isotope fractionation in 
seasonal snowpacks (Liu et al., 2004) More negative δ2H values observed later in each melt season 
were likely due to reduced atmospheric energy receipt during late August, as reflected by lower air 
temperature (Hodson et al., 1998; Blaen et al., in press) and also to the seasonal development of 
active soil layers which created deeper water storage potential, promoting infiltration and subsurface 
storage and thus decreasing evaporation (Cooper et al., 2002; Merck et al., 2012).  
The observed variations in isotopic patterns between glacier-fed sites and those in non-glacierized 
river basins were hypothesised to be due to differences in the routing of water to river channels from 
different basin stores. During periods of cold weather and increased precipitation, glacier ice ablation 
was inhibited and evaporative losses lower. Total discharge at glacier-fed river sites dropped and 
became increasingly dominated by rainfall-runoff with a low δ2H signal. In contrast, isotopic patterns 
in water samples from non-glacier fed sites exhibited less sensitivity to climatic variations, most likely 
because a large proportion of river flow reached the channel via subsurface flowpaths. Seasonal active 
soil layers in proglacial areas released water gradually to rivers, thus diurnal-scale fluctuations in 
discharge were less apparent than at glacier-fed sites. Precipitation can infiltrate soil layers and 
displace existing waters into river channels by shallow subsurface throughflow (Lischeid et al., 2002; 
Cooper et al., 2011). Consequently, although discharge in non-glacierized river basins responded 
rapidly to precipitation events, these flows were believed to represent ‗older‘ displaced water rather 
than direct rainfall-runoff (Obradovic and Sklash, 1986; Sueker et al., 2000; Yang et al., 2012). 
Hence, the isotopic signal did not vary to the same degree as sites in glacier-fed rivers.  One exception 
to this pattern occurred in late August 2011 when heavy precipitation is thought to have exceeded the 
infiltration capacity of the active soil layer and led to overland flow which increased river discharge 
and depleted δ2H values at all sites (cf. Choiński, 1989; Jones and Rinehart, 2010).  
 
Hydrochemical and isotopic signatures of conceptual water sources  
Two conceptual water sources were identified by end-member mixing analysis: meltwater and 
shallow groundwater. The assumption of two primary water sources was deemed appropriate because 
Austre Brøggerbreen and Vestre Brøggerbreen are believed to be predominantly cold-based glaciers 
(Hodson et al., 2002) which lack the distributed subglacial flow components that typify temperate ice 
structures (Tranter et al., 1993; Brown et al., 2006). This assumption was supported by the low SO4
2-
 
concentrations in Vestre Brøggerbreen meltwaters. Furthermore, deep groundwater inputs on the 
Brøgger peninsula were assumed to be negligible because vertical connectivity to deep groundwater 
reservoirs is limited by permafrost lenses in many Arctic regions (Carey and Woo, 2001; Judd and 
Kling, 2002; Haldorsen et al., 2010). Precipitation inputs were low during 2010 and most of 2011. 
Therefore, rainfall-runoff was not considered to exert a strong influence on river flow dynamics 
during most of the study periods. Dissolved Si was identified as a useful tracer of water flow through 
the active soil layer because relatively high concentrations in groundwater samples contrasted 
markedly with those of dilute snow and glacier ice. Moreover, the short time (typically < 1 day) 
required for Si dissolution in the soil matrix justifies the use of this constituent as a quasi-conservative 
tracer of subsurface flow in glacial environments (Malard et al., 1999; Scanlon et al., 2001; Hodson et 
al., 2002). Unlike previous work in alpine basins (Cable et al., 2011), variability in δ2H and δ18O 
within and between end-members was high, therefore isotopic data were not considered to be useful 
in mixing analyses. Some earlier studies utilising chemical mixing models have used variable solute 
concentrations to reflect temporal variation in end-member composition (e.g. Brown et al., 2006). 
However, in this study there were no discernable trends in the composition of meltwater or 
groundwater, indicating low seasonal evolution of end-member hydrochemistry, and thus annual end-
member concentrations were fixed. 
 
Seasonal variability in water source contributions to river flow 
End-member mixing showed clear seasonal variations in water source dynamics derived from the 
mixing of snow- and glacier-melt with shallow active layer groundwater. Uncertainty in water source 
estimates was similar to previous studies in glacierized basins (e.g. Brown et al., 2006) and mainly 
attributable to the wider Si concentration range spanned by groundwater samples relative to extremely 
dilute snow samples. In glacier-fed rivers, meltwater dominated flows at all sites, with the highest 
contributions observed at the beginning of each study period when snow cover was most prevalent 
and the active soil layer was thinnest (cf. McNamara et al., 1997). Interestingly, there was little 
longitudinal variation in groundwater contribution to bulk river flow at sites in the Bayelva basin, 
suggesting a limited active layer reservoir compared to glacier runoff. This contrasts with other 
studies that have adopted similar mixing model approaches in glacierized river systems (e.g. Brown et 
al., 2006), where the relative contribution to bulk flow from non-glacial sources increased rapidly 
with distance from the glacier snout. Hodson et al. (2002) suggested leaching of water from soil zones 
enhances major ion concentrations in proglacial rivers in the Bayelva basin. Our findings support the 
premise that solute loads increase downstream due largely to high ionic concentrations in 
groundwater, as seen elsewhere in Svalbard (Cooper et al., 2002; Dragon and Marciniak, 2010), rather 
than a consequence of substantial volumes of water moving from the active layer to river channels. 
The relative paucity of groundwater input, particularly during 2010, is likely due to minimal soil 
development in much of the proglacial area which limits water storage capacity in this comparatively 
young landscape (Choiński, 1989; Liu et al., 2004), combined with high rates of evaporation as 
indicated by our isotopic data (Cooper et al., 2002; Lee et al., 2010; Yang et al., 2012). This 
hypothesis is strengthened by data from non-glacierized river basins where groundwater contributions 
to bulk flow were very high but specific runoff levels low, indicating ablation in the upper areas of 
glacierized basins played an important role in maintaining high flow volumes throughout both study 
periods in glacier-fed rivers, as observed previously in other Arctic and sub-Arctic regions (Marsh and 
Woo, 1981; Barnett et al., 2005; Dahlke et al., 2012).  
Declines in meltwater contributions to river flow in non-glacierized basins during 2010 and 2011 
reflected the loss of seasonal snowpacks throughout the melt seasons and were supported by 
concurrent declines in Cl
-
 concentrations (Rutter et al., 2011). Increases in groundwater discharge 
over the same time period were likely due to an increase in soil hydrological storage capacity as the 
thickness of the active layer expanded throughout the melt seasons (Hinzman et al., 1991; McNamara 
et al., 1997; Wadham et al., 2001; Townsend-Small et al., 2011). River hydrochemistry reflected this 
through increased concentrations of most major ions associated with chemical weathering in the 
developing active layer (Hodson et al., 2002; Stutter and Billet, 2003). Moreover, higher NH4
+
 
concentrations in groundwater samples indicated that active layer soils may function as a nutrient 
source to some Arctic rivers (Rowland et al., 2010). The reduced diurnal fluctuations in discharge in 
non-glacierized rivers than at glacier-fed sites in the Bayelva basin, especially in late summer of both 
years, were due to increasingly stable flow contributions from groundwater during these periods (cf. 
Malard et al., 1999; Brown et al., 2003). Therefore, groundwater contributions appear to play an 
important role in sustaining flows in non-glacierized rivers in this region of Svalbard following the 
cessation of annual snowpack melting. 
 
Year-to-year variability in water source contributions to river flow 
The relatively short timeframe of this study complicates attempts to assess long-term changes in basin 
hydrology in this region of Svalbard. However, historic sampling records from NVE at site BR show 
mean July/August discharge during the period 1990-2007 was 4.5±0.8 m³ s
-1
, and therefore our two-
year dataset can be considered representative of ‗typical‘ melt seasons. Year-to-year variability in 
river flow regimes were linked to basin water source dynamics. V1, V2 and BR were meltwater-
dominated in both 2010 and 2011; however, higher groundwater contributions during 2011 at all sites 
may have reflected warmer air temperature during this year, leading to increased active layer 
thickness and enhanced silicate weathering (Roth and Boike, 2001; Anderson, 2005). Water source 
dynamics in non-glacierized basins followed a similar trend in both 2010 and 2011, where an initial 
pulse of meltwater was followed by a gradual increase in groundwater contribution to river flow. 
These patterns are analogous to those observed in some alpine basins where groundwater reservoirs 
are recharged progressively by meltwater inputs in spring (e.g. Malard et al., 1999). However, in 
Svalbard the depth of water infiltration is likely to be considerably lower than in lower-latitude 
glacierized environments due to the underlying permafrost layers which restrict shallow groundwater 
storage and upwelling of deep groundwater in many Arctic basins (Hagen and Lefauconnier, 1995; 
Haldorsen et al., 2010).  
 
 
Conclusions and implications 
Our study explored variability in water sourcing to rivers in several basins in Svalbard during the 
2010 and 2011 melt seasons. River hydrochemistry and isotopic characteristics reflected spatially-
distinct hydrological processes operating over diurnal to seasonal timescales (Objective 1), which 
were used subsequently as a basis for defining conceptual water storage zones within each basin 
(Objective 2). End-member mixing models were employed to assess seasonal and year-to-year 
variability in water source contributions to bulk flow regimes (Objective 3). These models 
demonstrated that the majority of river flow in all river basins was supplied by dilute meltwater at the 
beginning of each melt season when snow cover was most extensive and the active layer was 
shallowest. Meltwater dominated flow dynamics throughout both summers in glacierized basins, 
although groundwater inputs with seasonal development of the active layer. These groundwater inputs 
comprised up to 100% of total flow volume in late August in non-glacierized basins, suggesting 
groundwater sources played an important role in sustaining flows in these river systems throughout 
the summer following the depletion of seasonal snowpacks. 
The relatively short two-year dataset of this study limits prediction of the precise nature of future flow 
regimes in these basins. Nevertheless, these results provide a basis on which to consider the potential 
response of Svalbard river systems to climatic changes during the 21
st
 Century. Increased warming 
and higher precipitation projected for Arctic regions (Holland and Bitz, 2003; Førland and Hanssen-
Bauer, 2003; Anisminov et al., 2007) are likely to have substantial impacts on water source dynamics 
in Arctic river basins. Shifts in the annual hydrograph are expected to occur due to the earlier onset of 
snowmelt (Milner et al., 2009), expansion of the melt season (Durand et al., 2011) and long-term 
decline in glacial inputs as ice-masses shrink (Lappegard et al., 2007; Moore et al., 2009). However, 
some evidence seems to suggest that future reductions in meltwater inputs could be compensated for 
in part by increased discharge from deep groundwater reservoirs associated with the thermal 
degradation of permafrost (Walvoord and Streigl, 2007; Adam and Lettenmaier, 2008). In this study, 
groundwater inputs did not contribute considerably to river flow relative to glacier meltwater runoff, 
and the specific discharge of rivers in non-glacierized basins was substantially lower than those in 
glacierized basins. This underlines the importance of glacial runoff in sustaining river flows in the 
period following snowmelt (Barnett et al., 2005). The role of the active layer is likely to increase with 
thawing, and isotopic data from this study indicate that increased precipitation in future could lead to 
episodic flushing of active layer waters. This will have associated implications for the export of 
nutrients from river basins given the large quantity of organic matter stored in Arctic tundra systems 
(Tarnocai et al., 2009; Keuper et al., 2012) and the elevated NH4
+
 concentrations observed in 
groundwater samples.  
In conclusion, this study has examined the key basin-scale hydrological processes that underpin 
seasonal and year-to-year water source dynamics in Arctic rivers. The results build on previous 
studies of Arctic basin hydrology and functioning (e.g. Marsh and Woo, 1981) to understand the 
processes that underpin changing water source dynamics in Arctic river systems both now and 
potentially under a changing climate. 
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Figures 
1 – Map of study area showing sampling sites, approximate river courses, relief (shaded), spot height 
measurements in meters asl, and glacier cover (dashed areas) 
 
  
2 – Air temperature and precipitation data for a) the 2010 and b) the 2011 melt seasons 
 
  
3 – Time series of discharge at sites a) V1, V2 and BR and b) S3 and c) EC at sites V1 and V2 during 
and 2010 melt season, and discharge at sites d) V1, V2 and BR and e) N1, N2 and N3 and f) EC at 
sites V1, V2 and BR during the 2011 melt season 
 
  
4 – Time series of Cl- concentration for a) the 2010 and b) the 2011 melt seasons 
 
  
5 – Boxplots of a) *K:Si molar concentrations, b) [*Na+ + *K+]:[*Ca2
+
 + *Mg2
+
] concentrations, and 
c) *Ca2
+
:*Mg2
+
 concentrations by site. n=8-12 for all sites and non-glacierized river sites are shaded. 
 
  
6 – Temporal changes in river water δ2H isotope composition for sites a) V1, V2, BR and S3 during 
the 2010 melt season, and b) V1, V2, BR, N1, N2 and N3 during the 2011 melt season 
 
  
7 – Boxplots of Si concentration for river water samples and meltwater and groundwater end-
members for a) sites V1, V2 and BR in 2010, b) site S3 in 2010, and c) sites V1, V2, BR, N1, N2 and 
N3 in 2011. Note that separate end-member concentrations were used for sites N1, N2 and N3, but 
samples have been combined here for brevity.  
 
8 – Seasonal hydrograph separation calculated by end-member mixing analysis for sites a) V1 (2010), 
b) V2 (2010), c) BR (2010, d) S3 (2010), e) N1 (2011), f) V1 (2011), g) V2 (2011), h) BR (2011), i) 
N2 (2011), and j) N3 (2011). Black and grey areas represent meltwater and groundwater 
contributions, respectively.  
  
Tables 
1 – Descriptions and major characteristics of study sites. ―V‖ denotes sites draining Vestre 
Brøggerbreen, ―N‖ denotes sites fed by non-glacial sources in the Bayelva area, and ―S‖ denotes the 
Stuphallet cliffs area, following nomenclature from Blaen et al. (in press). 
2 – Descriptive statistics for air temperature, precipitation, discharge (Q) and specific discharge 
during the a) 2010 and b) 2011 melt seasons 
3 – Descriptive statistics for major ions, silica, δ2H and δ18O for water samples acquired during the 
2010 and 2011 melt seasons. Mean values and standard deviations (italics) are provided. * denotes 
n=11. 
4 – Uncertainty estimates (95% confidence) in hydrograph separation using end-member mixing 
analysis and the relative proportion of total uncertainty accounted for by each component. 
5 – Absolute and relative contributions of meltwater and groundwater to river discharge at sampling 
sites for the 2010 and 2011 melt seasons. Mean values and standard deviations (italics) are provided. 
Standard deviations for relative contributions are presented only once because these do not differ 
between meltwater and groundwater. Note that mean discharge values derived from EMMA results 
(n=8-12) differ from those in Table 2 calculated from 15 min data (n≈5000). 
 
Table 1 
Site Location Primary water source
Distance from 
glacier (m)
Catchment 
area (km
-2
)
Glaciation 
(%)
V1 Bayelva Vestre Brøggerbreen glacier 100 2.1 61
V2 Bayelva Vestre Brøggerbreen glacier 1000 10.2 49
BR Bayelva Austre and Vestre 
Brøggerbreen glaciers
2500 33.5 54
N1 Bayelva Snowmelt and groundwater n/a 0.9 0
N2 Bayelva Snowmelt and groundwater n/a 0.4 0
N3 Bayelva Snowmelt and groundwater n/a 1.8 0
S3 Stuphallet Snowmelt and groundwater n/a 0.6 0  
 
  
Table 2 
a)
V1 V2 BR S3 V1 V2 BR S3
ºC  mm day
-1
Mean (sum) 4.93 (17.00) 0.89 1.41 2.69 0.04 37.5 11.9 6.9 5.0
Max 10.90 2.70 3.94 4.99 8.44 0.06 78.2 27.6 16.7 7.2
Min -1.50 0.00 0.00 0.01 0.01 0.03 0.2 0.1 0.0 4.1
Range 12.40 2.70 3.94 4.98 8.43 0.03 78.0 27.5 16.7 3.1
Std dev 2.32 0.61 0.64 1.07 2.19 0.00 24.7 8.5 5.2 0.9
b)
V1 V2 BR N1 N2 N3 V1 V2 BR N1 N2 N3
ºC  mm day
-1
Mean (sum) 6.17 (89.00) 1.10 2.12 4.19 0.05 0.01 0.08 46.4 17.9 10.8 4.4 3.8 1.5
Max 13.19 16.20 4.72 8.31 11.51 0.07 0.02 0.22 112.3 48.1 25.5 6.2 8.4 3.6
Min 0.53 0.00 0.13 0.67 0.87 0.03 0.00 0.04 9.4 6.0 2.7 3.3 1.9 0.3
Range 12.83 16.20 4.59 7.64 10.64 0.04 0.02 0.18 102.9 42.1 22.8 2.9 6.5 3.3
Std dev 2.12 4.92 0.52 0.98 1.91 0.00 0.00 0.03 17.4 7.3 4.1 0.7 1.5 1.0
Air temperature 
2010
Precipitation 
2010
Specific Q 2010
mm day
-1
Q 2010
m
3
 s
-1
Specific Q 2011
m
3
 s
-1 mm day-1
Air temperature 
2011
Precipitation 
2011
Q 2011
   
Table 3 
Site n
V1 (2010) 11 32 13 3 2 27 12 34 14 490 78 32 17 1.1 0.5 14 9 539 52 0.3 0.1 -78 5 -11 1
V2 (2010) 9 45 31 4 3 27 20 41 22 540 124 35 36 1.6 0.4 15 10 606 59 0.3 0.2 -76 3 -11 0
BR (2010) 10 49 42 5 4 45 26 52 39 516 179 46 43 1.8 0.7 17 10 602 65 0.3 0.2 -80 4 -11 * 1
V1 (2011) 10 45 16 4 4 22 8 13 4 678 138 48 33 1.4 0.6 11 8 702 60 0.5 0.1 -84 6 -12 1
V2 (2011) 10 52 9 4 3 28 10 13 3 767 154 64 44 1.3 0.4 14 6 784 81 0.5 0.1 -83 5 -12 1
BR (2011) 10 57 10 5 3 25 10 19 5 711 152 67 52 1.7 1.2 15 4 734 70 0.5 0.1 -86 5 -12 1
S3 8 78 27 1 1 20 11 116 45 865 215 83 29 2.5 1.6 17 8 978 112 0.5 0.3 -74 2 -10 0
N1 10 125 19 3 4 89 17 14 6 864 199 137 72 1.9 1.0 24 14 932 130 1.1 0.3 -80 3 -11 0
N2 10 306 169 5 6 96 45 27 8 1263 523 330 222 1.8 1.6 30 20 1334 450 1.0 0.3 -81 4 -11 1
N3 10 234 92 5 3 120 44 32 11 1415 511 159 71 2.4 1.8 31 8 1612 725 1.1 0.3 -83 5 -12 1
Snow (2010) 34 57 40 16 16 8 6 6 4 54 35 52 42 1.7 0.3 10 7 153 62 0.1 0.0 -89 27 -12 3
Ice (2010) 24 29 18 5 4 4 3 4 3 28 20 38 27 0.5 0.1 17 12 48 16 0.1 0.0 -81 6 -11 1
Snow (2011) 15 19 7 4 2 2 1 8 4 79 52 19 8 1.8 0.5 6 4 84 43 0.0 0.0 -99 23 -13 2
Ice (2011) 12 11 9 3 2 1 1 5 2 36 16 10 6 0.4 0.1 7 2 40 9 0.0 0.0 -77 5 -11 1
Groundwater (BR 2010) 29 140 92 6 4 49 33 227 142 1118 694 116 145 4.1 3.8 20 10 1400 890 2.0 0.7 -74 6 -10 1
Groundwater (BR 2011) 54 200 95 6 5 146 111 34 36 1363 848 282 210 3.9 3.5 52 31 1412 1054 1.8 0.6 -77 4 -10 1
Groundwater (S3) 12 139 86 11 7 45 27 163 95 1304 266 99 59 5.2 4.9 29 16 1529 834 1.2 0.6 -73 3 -10 0
δ
18
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(‰)
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Table 4 
Mean Max. Min. Meltwater Groundwater River
V1 (2010) 0.08 0.17 0.03 23.23 75.89 0.88
V2 (2010) 0.09 0.24 0.04 19.06 80.06 0.88
BR (2010) 0.09 0.25 0.03 25.65 73.53 0.83
V1 (2011) 0.15 0.22 0.12 0.04 99.23 0.73
V2 (2011) 0.15 0.21 0.12 0.04 99.24 0.72
BR (2011) 0.15 0.19 0.12 0.04 99.23 0.73
S3 0.42 0.94 0.11 2.37 97.26 0.37
N1 0.36 0.49 0.20 0.00 99.41 0.59
N2 0.36 0.56 0.09 0.01 99.42 0.57
N3 0.42 0.57 0.28 0.00 99.52 0.47
Site
Uncertainty (95%) Mean uncertainty accounted for (%):
 
  
Table 5 
Site % meltwater % groundwater
V1 (2010) 1.2 1.2 0.1 0.1 89.7 10.3 6.1
V2 (2010) 1.8 1.4 0.2 0.2 88.1 11.9 8.8
BR (2010) 3.3 2.9 0.2 0.3 88.2 11.8 10.9
V1 (2011) 0.9 0.3 0.2 0.1 78.9 21.1 4.7
V2 (2011) 1.6 0.7 0.4 0.2 78.5 21.5 4.3
BR (2011) 3.0 1.3 0.7 0.3 79.1 20.9 4.1
S3 0.010 0.006 0.004 0.002 64.6 35.4 24.2
N1 0.014 0.011 0.034 0.010 27.9 72.1 20.3
N2 0.002 0.003 0.006 0.004 28.6 71.4 25.6
N3 0.022 0.023 0.064 0.029 22.5 77.5 18.4
Q meltwater (m³ s
-1
) Q groundwater (m³ s
-1
)
 
